The errors of the current best ranging observations do not exceed several meters, which makes it necessary to compute the ranging correctly up to the 12th significant digit. An appropriate model of the motion of celestial bodies is required to achieve such high precision.
precision numerical ephemerides of planets (Akim et al., 1986) were created as a result of the research carried out at the Institute of Applied Mathematics, the Institute of Radio Engineering and Electronics and the Space Flight Control Center, and the Institute of Theoretical Astronomy, where N. I. Glebova, G. I. Eroshkin, and a group led by G. A.
Krasinsky developed theories independently. This work was continued at the Institute of Applied Astronomy (IAA), where a series of EPM (Ephemerides of Planets and the Moon) ephemerides was produced. In order to provide technological support for such research, a large group of developers working at the IAA under the direction of G. A. Krasinsky created a unique software system called ERA (Ephemeris Research in Astronomy) that uses a highlevel language targeted at astronomical and geodynamical applications. This ensures the flexibility of the system, which is being constantly upgraded, and considerably simplifies the development of various applications. The two dynamical models of planetary motion that are being developed in the series of DE (Development Ephemeris, JPL) (Standish, 1998; 2004; Folkner, 2010; Konopliv et al., 2011) and EPM (Krasinsky et al., 1993; Pitjeva, 2001; 2005a; ephemerides are currently the most complete, have the same precision, and are faithful to modern radio observations. For the reasons of technological independence, researchers at the Institut de Mecanique Celeste et de Calcul des Ephemerides (IMCCE) have started constructing their own numerical planetary ephemerides INPOP (Fienga et al., 2008; in 2006. The history of the creation of planetary ephemerides, the EPM2004 ephemeris and the differences between the DE and EPM ephemerides are discussed in greater detail in a paper by Pitjeva (2005a) . In the present work the planetary part of the latest, updated version of the EPM ephemerides (EPM2011) and its use in various scientific investigations are discussed.
EPM DYNAMICAL MODEL OF PLANETARY MOTION
Construction of high-precision planetary ephemerides that are needed for space experiments, and would guarantee the meter-level accuracy of modern observations, requires creating a proper mathematical and dynamical model of the motion of planets, which takes into account all the significant perturbing factors on the basis of general relativity (GR).
The motion of the barycenter of the Earth-Moon system is appreciably perturbed by the Moon itself. The Moon's orbit is subject to perturbations from the asphericity of the gravitational potentials of the Earth and the Moon, which makes it necessary to characterize the positions of the equators of the Earth and the Moon with respect to an inertial coordinate system (i.e., take into account the impact of precession, nutation, and physical libration) with sufficient accuracy. The resonant behavior of the coupling between orbital and rotational motions of the Moon makes it essential to reconcile various theories in a unified dynamical model. As a consequence, modern numerical theories are built by simultaneous numerical integration of the equations of motion of all planets and the Moon's physical libration, while also taking into account the perturbations on the figure of the Earth due to the Moon and the Sun and the perturbations on the figure of the Moon due to the Earth and the Sun.
Construction of the theory of the Moon's orbital and rotational motions and its improvement using lunar laser ranging (LLR) observations are the most difficult tasks in creating modern ephemerides of planets and the Moon. This work was carried out at the IAA under the direction of G. A. Krasinsky and is described in a series of papers (Aleshkina et al., 1997; Krasinsky, 2002; Yagudina et al., 2012) . The lunar theory takes into account the effects associated with elasticity, tidal dissipation of energy, and the frictional interaction between the Moon's liquid core and its mantle, and cites selenodynamical parameters obtained through the analysis of LLR observations made from 1970 to 2010.
The influence of solar oblateness on planetary motion was established theoretically a long time ago, and some researchers even tried to attribute to it the anomalous motion of Mercury's perihelion which was discovered by Le Verrier in the late 19th century. The solar oblateness causes secular variations of the orbital elements of planets, with the exception of semimajor axes and eccentricities, and has to be taken into account when constructing the model of planetary motion. The problem lies in the fact that the solar oblateness is determined indirectly from some complex astrophysical measurements that are subject to various systematic errors caused by equipment imperfection and the solar atmosphere and activity. The use of modern equipment made it possible to give a more reliable estimate J 2 = 2 · 10 −7 . This value is used for the construction of ephemerides starting with DE 405 (Standish, 1998) and EPM2000 (Pitjeva, 2001 ). Recently, it became possible to determine the dynamical solar oblateness while processing of high-precision radar observations when constructing planetary ephemerides (see Pitjeva, 2005b) .
A serious problem arises in the construction of modern high-precision planetary ephemerides due to the necessity of taking into account the perturbations caused by asteroids.
The DE200 and EPM87 ephemerides considered the perturbations only from the 3-5 largest asteroids; the experiments revealed that this was impossible to attane a proper representation of high-precision observations of the Viking 1 and Viking 2 landers, i.e., a representation which would match the a priori errors (6-12 meters) of these observations. Amplitudes of the perturbations from asteroids were determined analytically by Williams (1984) considering commensurability between the orbital periods of the asteroids and Mars. The perturbations from 300 asteroids that were selected by Williams due to the significant perturbations of the orbit of Mars caused by them (Williams, 1989) are taken into account starting with the DE 403 (Standish et al., 1995) and EPM98 (Pitjeva, 1998) ephemerides. However, the masses of the majority of these asteroids are either unknown or known with insufficient accuracy, and Standish and Fienga (2002) showed that the accuracy of planetary ephemerides deteriorated substantially with time due to this factor. Direct dynamical estimates of the masses of asteroids may be obtained by analyzing their perturbations to other celestial bodies caused by them. This technique may be applied when examining spacecraft near asteroids, binary asteroids or asteroids with satellites, perturbations on the Mars and the Earth caused by asteroids and revealed through the processing of radar observations of Martian spacecraft and landers, and close encounters of asteroids. Applying the latter (classical) method requires great caution, since optical observations may produce large errors (Krasinsky et al., 2002) . These techniques were used to measure the masses of several dozen asteroids, but the construction of high-precision planetary ephemerides demands taking into account the perturbations from about 300 large asteroids. If the estimates of the diameters and densities of these asteroids are available, one may also estimate their masses.
The diameters of hundreds of asteroids were determined by processing the infrared data from the Infrared Astronomical Satellite (IRAS) and Midcourse Space Experiment (MSX) satellites. When constructing the DE and EPM ephemerides, these asteroids were divided into the C (Carbonic), S (Sillicum), and M (Metallic) taxonomic types according to their spectral classes, and the estimates of their densities were derived from radar observations while improving the ephemerides. Apart from the sufficiently large asteroids, thousands of small asteroids, many of which are too small to be ever discovered from the Earth, produce a substantial cumulative effect on the orbits of the inner planets. The majority of these bodies travel within the main asteroid belt, and the distribution of their instantaneous positions in the main belt may be considered uniform. Thus, the perturbations from the small asteroids that were not considered individually in the integration may be modeled by additional perturbations from a massive ring in the plane of the ecliptic with a uniform mass distribution. Starting with EPM2004 (Pitjeva, 2005a) , the two parameters characterizing the ring (its mass M r and radius R r ) are included in the set of parameters that are improved from observations.
Hundreds of trans-Neptunian objects (TNOs) that were discovered lately also exert influence on the motion of planets, especially the outer planets. The updated dynamical model of the EPM ephemerides includes Eris (a dwarf planet discovered in 2003, which is more massive than Pluto) and 20 of the largest TNOs into simultaneous integration. The perturbations from the other TNOs were modeled by a homogeneous TNO ring lying in the plane of the ecliptic and having a radius of 43 AU and an estimated mass (Pitjeva, 2010a) .
Thus, the dynamical model created at the IAA RAS, takes into account (besides the mutual perturbations of large planets and the Moon) a number of relatively weak gravitational effects that contribute appreciably while processing modern high-precision observations:
• perturbations from 301 of the most massive asteroids;
• perturbations from other minor planets in the main asteroid belt, modeled by a homogeneous ring;
• perturbations from the 21 largest TNOs;
• perturbations from the other trans-Neptunian planets, modeled by a homogeneous ring at a mean distance of 43 AU;
• perturbations from the solar oblateness (2 · 10 −7 );
• relativistic perturbations from the Sun, the Moon, planets (including Pluto), and five largest asteroids.
When constructing the EPM ephemerides, the equations of motion of n bodies with masses m 1 , . . . m n in a non-rotating barycentric coordinate system were used. These equations take the form ofr
where A stands for the Newtonian gravitational accelerations:
B stands for the relativistic terms:
C stands for the terms caused by the solar oblateness (the solar quadrupole moment):
D stands for the terms caused by the asteroid and TNO rings to the inner planets:
and E stands for the terms caused by the asteroid ring to the outer planets:
Here the following designations were introduced: r i ,ṙ i ,r i (barycentric vectors) are the coordinate, velocity, and acceleration vectors of the ith body; µ j = Gm j , where G is the gravitational constant and m j is the mass of the jth body; r ij = |r j − r i |; β, γ are the parameters of the PPN (parameterized post-Newtonian) formalism; v i = |ṙ i |; c is the speed of light; J 2 is the second zonal harmonic of the Sun; R is the equatorial solar radius; p is the unit vector pointing to the Sun's north pole; M r = Gm r , m r , R r are the masses and radii of the rings; and F is the hypergeometric function.
The summation in the equation that pertains to the Newtonian gravitational accelerations 
All modern high-precision ephemerides are based on relativistic time scales and relativistic equations of motion of celestial bodies and radio and light rays. The main common feature of the DE, EPM, and INPOP series of ephemerides is the simultaneous numerical integration of the equations of motion of nine major planets, the Sun, the Moon, and the lunar physical libration carried out in the post-Newtonian approximation for GR (β = γ = 1)
in a harmonic coordinate system (α = 0).
Thus, the terms A, B, and C are identical in all those major planetary ephemerides.
Various versions of ephemerides differ in modeling the lunar libration, reference frames in which the ephemerides are computed, adopted values of the solar oblateness and other parameters, modeling of perturbations from asteroids, and used sets of observations and estimated parameters. The main distinction of the latest EPM ephemerides (starting with EPM2008, as described in Pitjeva, 2009 ) from the DE and INPOP ephemerides is the inclusion of the perturbations from TNOs that are actually present in the Solar System.
The inclusion of any additional objects into the simultaneous integration leads to the shift of the barycenter of the Solar System. Since TNOs are located beyond the orbit of Neptune, and there are many large objects (for example, Eris) among them, the said shift becomes significant. In the process of calculations, the barycenter remains in its place, while the coordinates of all objects involved in the integration change. Therefore, comparing the EPM ephemerides with the DE and INPOP ephemerides requires using relative (heliocentric, geocentric, etc.) coordinates of objects, but not barycentric ones. Such a comparison was carried out for DE421, EPM2008, and INPOP08 by Hilton and Hohenkerk (2011) . Since any observations are relative (are usually made from the Earth), the shift of the barycenter does not influence the representation of observations.
In recent years, a large number of high-precision radiometric observations of spacecraft, revolving around or passing close to planets, and optical observations of the satellites of planets carried out by both terrestrial observatories and the Hubble Space Telescope became available. This enabled the researchers to derive new masses of planets and other bodies of the Solar System. These values were adopted as the current best values of the constants of dynamical astronomy by XXVII IAU GA in 2009 (Luzum et al., 2011) and are used in updated versions of the EPM ephemerides (starting with EPM2008).
The integration in the barycentric coordinate system at the J2000.0 epoch was done using Everhart's method over a 400-year interval (from 1800 to 2200) by a lunar and planetary integrator of the ERA-7 software system.
OBSERVATIONAL DATA, THEIR REDUCTION, AND TT -TDB
The observations that were used to improve the accuracy of the EPM2011 ephemerides software system. The drawback of these analytical theories lies in the fact that they do not provide an opportunity to correctly introduce the parameters of the satellite' motion when improved from observations. Therefore, the researchers at the IAA RAS, construct their own numerical theories of the motion of the satellites of Mars and the outer planets (Poroshina et al., 2012 The processing of observational data was done using proven and reliable techniques with due account for all the needed reductions (Pitjeva, 2005a) . The following reductions were applied to radar data:
• reduction of time moments to a uniform scale;;
• relativistic corrections, namely, the delay of radio signals in the gravitational field of the Sun, Jupiter, and Saturn (the Shapiro effect) and the transition from the coordinate time (the argument of ephemerides) to the proper time of the observer;
• the delay of radio signals in the Earth's troposphere;
• the delay of radio signals in the plasma of the solar corona;
• correction for topography of the surfaces of planets (Mercury, Venus, and Mars).
The following reductions were applied to optical data:
• reduction to the ICRF system: from reference catalogues to FK4, then to the FK5 catalog, and at last to the ICRF frame;
• correction for additional phase effect;
• correction for gravitationa deflection of light by the Sun.
The transition from the observing time (UTC = TAI + an integer number of seconds)
to the barycentric dynamic time (TDB) of the ephemerides requires knowing the differences between the terrestrial time (TT = TAI +32.184 s) and TDB. Until recently, these differences were computed by applying the analytical expansions for the DE405 ephemerides. However, the differences TT -TDB depend on the coordinates of all bodies that are involved in the integration of the corresponding ephemerides. Therefore, the construction of these differences by numerical integration using the corresponding ephemerides is more correct.
The following differential equation taken from the paper by Klioner (2010) was used for connection between TT and TDB:
where L B = 1.550519768 · 10 −8 , L G = 6.969290134 · 10 −10 , c is the speed of light, ephemerides expressed in nanoseconds.
EPM2011 PARAMETERS AND REPRESENTATION OF OBSERVATIONS
About 270 parameters were determined in the process of improving the planetary part of the EPM2011 ephemerides:
• the orbital elements of planets and 18 satellites of the outer planets;
• the value of the astronomical unit or GM ⊙ ;
• the angles of orientation of the ephemerides with respect to the ICRF;
• parameters of the rotation of Mars and the coordinates of three Martian landers;
• the masses of 21 asteroids and the mean densities of three taxonomic classes (C, S, and M) of asteroids;
• the mass and radius of the asteroid ring and the mass of the TNO ring;
• the ratio of the Earth and Moon masses;
• the Sun's quadrupole moment and parameters of the solar corona for different conjunctions of planets with the Sun;
• the coefficients of Mercury's topography and corrections to the level surfaces of Venus and Mars;
• the coefficients for additional phase effect of the outer planets;
• the constant shifts for the series of observations of Venus in Goldstone (1964) and Venus (1969) and Mercury (from 1986 to 1989) in Crimea, as well as the shifts (and, in certain cases, their derivatives) for all spacecraft that were interpreted as the calibration errors;
• post model parameters, such as the PPN parameters (β, γ),
Mean values and rms's of the residuals of observations are shown in the tables 1, 2, where "n. p." stands for normal points (with the exception of Viking and Pathfinder for which the total number of observations is given). The residuals of ranging for Odyssey, MRO, MEX, and VEX are shown in Fig. 2 . In The residuals of observations of right ascensions (or, to be more precise, αcosδ) and declinations for the outer planets and their satellites are presented in Fig. 3 . for the outer planets on a scale of ±5 ′′ . Tables 1 and 2 show that the majority of observations that form the basis of the ephemerides are classified as radio observations, mostly ranging obtained with the use of spacecraft. These measurements allow us to obtain all the orbital elements of planets with the exception of the three angles of the Earth's orientation, which is equivalent to the orientation of the whole system of the ephemerides (angles ε x , ε y , and ε z ). The earliest numerical planetary ephemerides (DE118 and EPM87) were referred to the FK4 catalogue system, while the DE200 ephemerides were referred to the system of the dynamical equator Table 3 . Figure 4 shows the residuals of VLBI observations of various spacecraft near Mars and of Cassini near Saturn. the EPM2011 and JPL DE424 ephemerides showed that differences of heliocentric distances of the Earth, determined by ranging, for these ephemerides over the same interval are much smaller and do not exceed 6 m (see left side of Fig. 6 for the geocentric Sun). Some parameters determined in the process of improving the DE and EPM ephemerides (Pitjeva and Standish, 2009 ) and adopted as the current best values for ephemeris astronomy by XXVII IAU GA in 2009 (Luzum et al., 2011) were taken as initial in EPM2011 and were then improved from all observations. Among them are such parameters as the ratio of masses of the Earth and the Moon M Earth /M Moon = 81.30056763 ± 0.00000005 and the masses of largest asteroids (Ceres, Pallas, and Vesta) and 18 other asteroids. Table 4 gives the masses and the estimates of these masses with ones taken from papers by Konopliv et al. (2011) and Fienga et al. (2011) , where they were obtained in the same way using the DE423 and INPOP10a ephemerides. All parameters obtained in the present work and mentioned in this section are given with uncertainties that correspond to 3σ (formal standard error of the least squares method). Experience shows that formal standard errors are overly optimistic. Uncertainties given by Konopliv et al. (2011) are obtained with a special method that is characterized by the fact that the uncertainties of the masses of asteroids that are not estimated are taken into account while calculating all the adjusted parameters. The uncertainties obtained in this way are probably close to the actual errors. Uncertainties specified in a paper by Fienga et al. (2011) are larger than the ones obtained here due to the large quantity (145) of the estimated masses of asteroids. The data presented in Table 4 Special effort was given to producing an accurate estimate of the total influence of asteroids on the motion of planets, the majority of which lie in the main asteroid belt. In EPM the main belt is modeled by the motion of the 301 largest asteroids and a homogeneous material ring that represents the influence of numerous other small asteroids. Parameters M ring and R ring that characterize the ring of small asteroids were determined through the processing of observations:
M ring = (1.06 ± 1.12) · 10 −10 M ⊙ , R ring = (3.57 ± 0.26) AU Table 4 . Estimates of the masses of asteroids obtained by using the observations of ranging for the EPM 2011, DE423 (Konopliv et al., 2011) , and INPOP10a ephemerides and expressed in (GM i /GM ⊙ ) × 10
Asteroid EPM2011 DE423 INPOP10a
(1 The total mass M belt of the main belt asteroids is expressed as the sum of the masses of 301 largest asteroids and the asteroid ring and is equal to M belt = (12.3 ± 2.1) · 10 In the present work, the differences in three coordinates over a 100-year interval are presented in Figures 6 and 7. These coordinates -geocentric distances (D), right ascensions (α), and declinations (δ) -fully characterize the accuracy of the ephemerides determined by comparing the EPM2011 and DE424 ephemerides.
Since the coordinates of the inner planets were obtained through high-precision radio observations, the differences calculated for them are much smaller for all the coordinates (D, α, δ) than the differences for the outer planets (the geocentric position of the Sun may be viewed as the heliocentric position of the Earth with an opposite sign). The fact that the difference in Mercury distances is slightly larger than the one given in a paper by Pitjeva (2005a) is explained by the use of new Messenger data, so far inaccessible to us, in DE424. The differences in distances (over the interval considered in the 2005 paper) for all the other planets have become less. In the case of Mars, the differences remain minor over an interval which is somewhat wider than the one covered by observations. More precisely, the differences in distance, α, and δ do not exceed 150 m, 0.7 mas, and 0.5 mas, respectively, over a 58-year interval (from 1970 to 2028).
The availability of some radio observations of Jupiter and particularly Saturn (studied by the Cassini spacecraft) allowed us to reconstruct their orbits with an accuracy greater than that achievable for the other outer planets' orbits defined virtually only by optical observations. There exists only one three-dimensional point (D, α, δ) provided by Voyager -2 for Uranus and Neptune. Besides that, not even one period of orbital rotation of Neptune and Pluto is covered with more or less accurate observations. The uncertainty of the Pluto's distance, which was specified by Folkner in his talk at XXVIII IAU GA, changes from 1100 to 3000 km over a 18-year interval (from 2000 to 2018) . These values are roughly correspondent to the uncertainty obtained in the present work (3300 km) by comparing the EPM2011 and DE424 ephemerides (see left bottom part of Fig. 7) . In a paper by Fienga et al. (2011) It is interesting to look at the comparison of the same values given in a paper by Standish (2004) for the DE200 and DE409 ephemerides over a 50-year interval (from 1970 to 2020).
It can be seen that all the differences are at least an order of magnitude larger. This leads to the conclusion that modern ephemerides have made great progress in terms of accuracy compared to DE200 (1982) .
The comparison with modern observations and the DE ephemerides verifies that the planetary part of the EPM ephemerides is sufficiently accurate.
THE USE OF THE EPM EPHEMERIDES IN SCIENTIFIC RESEARCH
The potential to construct and maintain fundamental ephemerides of the major planets, governed by melting and condensation of carbonic acid at the polar caps) and the polar moment of inertia, corresponding to the speed of precession of Mars (Pitjeva, 1999) , more precisely. The parameters of rotation of Mars and their accuracies were found to be close to the corresponding values taken from a paper by Yoder and Standish (1997) .
Asteroids exert a significant influence on the motion of planets (especially Mars); therefore, the masses of the largest asteroids (in the present work we examined the 21 largest ones) and the total mass of the main asteroid belt may be estimated from radio observations.
Hundreds of trans-Neptunian objects, which also exert influence on the motions of planets, were discovered recently; their total mass may also be estimated, as was already done by Pitjeva (2010a) . The knowledge of such characteristics is important not only for devising a more precise description of the forces acting in the Solar System, but also for understanding the general dynamics of the Solar System and the processes associated with its formation.
The passage of photons and motion of planets in the gravitational filed of the Sun allow us to view the Solar System as a sufficiently convenient laboratory for testing gravity theories.
Modern radar observations of planets and spacecraft, that have meter-level accuracy, make it possible to explore relativistic effects, estimate the value of the heliocentric gravitational constant GM ⊙ (the Sun's mass) and its possible variation, and estimate the solar oblateness.
The comparison of the results of determination of additional motion of the perihelia of planets, which is not modeled by Newtonian interaction and GR, the PPN parameters (β, γ), the quadrupole moment of the Sun, and GM ⊙ , that were cited in previous works (Krasinsky et al., 1986; Pitjeva, 1993; 2005b; 2010b) and obtained in the present work:
shows that, firstly, the uncertainties of these parameters did decrease significantly (at least by an order of magnitude). This substantial progress may be attributed to the increase in accuracy of the dynamical models of motion and the methods of reduction of observations and to the improvement of observational data (i.e., boost in precision and widening of the observational time interval). Secondly, the reduction of the uncertainties of these parameters constrains the possible values of relativistic parameters and imposes increasingly tight restrictions on the gravity theories that are competing with GR.
For the first time, the variation of the heliocentric gravitational constanṫ with a probability of 95%. The GM ⊙ variation is seemingly associated not with the variation of G, but with the variation of the Sun's mass. Therefore, the variation of M ⊙ , is reflective of the balance between the mass lost through radiation and solar wind and the material falling onto the Sun (Pitjeva and Pitjev, 2012) .
Besides that, the search for and the estimation of a possible gravitational influence of dark matter in the Solar System on the motion of planets has been carried out on the basis of dark matter concentrating at the center of the Solar System was also considered, and it was found that the mass of dark matter located in the sphere inside the Saturn's orbit would still not exceed 1.7 · 10 −10 M ⊙ (Pitjev and Pitjeva, 2013) .
CONCLUSIONS
The EPM series of high-precision ephemerides of planets and the Moon that is faithful to modern observations and comparable in terms of accuracy with the latest versions of the well-known DE ephemerides (JPL) was created at the IAA RAS. The use of a more accurate dynamical model of planetary motion and a large number of additional highprecision observations allows us to assert that the latest versions (EPM2004-EPM2011) of the EPM ephemerides are more accurate than the DE405 ephemerides, which are adopted as an international standard. The EPM ephemerides have the following advantages over the DE ones while using EPM for Russian astronavigation:
• They are constructed using independent and constantly updated software.
• They are promptly updated and improved according to incoming new data.
• The clients (GLONASS programs) may request additional needed data in any format.
Convenient access procedures (Bratseva et al., 2010) for external users were recently devised at the IAA RAS. The users may access the EPM ephemerides of planets and the Moon together with the corresponding differences TT−TDB, as well as the ephemerides, computed simultaneously with the EPM ones, of seven additional objects (Ceres, Pallas, Vesta, Eris, Haumea, Makemake, and Sedna) that are provisionally called dwarf planets.
The EPM ephemerides are available at ftp://quasar.ipa.nw.ru/incoming/EPM/.
The constructed EPM ephemerides used in practice form the basis of the Astronomical Yearbook, and are needed to fulfill the GLONASS Federal Program and to carry out space experiments in the Solar System. They also help us to solve some of the problems of fundamental astrometry, including the determination of the dynamical structure of the Solar System and a number of astronomical constants.
